Off-rates of proteins from the DNA double helix are widely considered to be dependent only on the interactions inside the initially bound protein-DNA complex and not on the concentration of nearby molecules. However, a number of recent single-DNA experiments have shown off-rates that depend on solution protein concentration, or "facilitated dissociation." Here, we demonstrate that this effect occurs for the major Escherichia coli nucleoid protein Fis on isolated bacterial chromosomes. We isolated E. coli nucleoids and showed that dissociation of green fluorescent protein (GFP)-Fis is controlled by solution Fis concentration and exhibits an "exchange" rate constant (k exch ) of Ϸ10 4 M ؊1 s ؊1 , comparable to the rate observed in single-DNA experiments. We also show that this effect is strongly salt dependent. Our results establish that facilitated dissociation can be observed in vitro on chromosomes assembled in vivo. A ll aspects of chromosome dynamics involve the binding and unbinding of proteins from the DNA double helix. The rate of binding for a given species of protein to a location along a DNA is usually controlled by concentration of that species, but it is widely assumed that unbinding times, or equivalently off-rates, are controlled by the strength of interactions inside the DNA-protein complex and are independent of other nearby molecules in the nucleoplasm (1). However, this picture has been challenged by a number of recent in vitro experiments which have shown off-rates of proteins from duplex DNA that depend on bulk protein concentrations (2-5). Similar effects have been observed for singlestranded DNA (ssDNA)-binding proteins (6, 7), antibody-ligand binding (8), and ssDNA-ssDNA interactions (9).
A ll aspects of chromosome dynamics involve the binding and unbinding of proteins from the DNA double helix. The rate of binding for a given species of protein to a location along a DNA is usually controlled by concentration of that species, but it is widely assumed that unbinding times, or equivalently off-rates, are controlled by the strength of interactions inside the DNA-protein complex and are independent of other nearby molecules in the nucleoplasm (1) . However, this picture has been challenged by a number of recent in vitro experiments which have shown off-rates of proteins from duplex DNA that depend on bulk protein concentrations (2) (3) (4) (5) . Similar effects have been observed for singlestranded DNA (ssDNA)-binding proteins (6, 7) , antibody-ligand binding (8) , and ssDNA-ssDNA interactions (9) .
A straightforward explanation for this effect is that macroscopic dissociation (complete dissociation followed by diffusive motion of a protein to a location far away from the initial binding site) occurs via one or more partially dissociated intermediate ("microdissociated") states. A protein in bulk solution could impact dissociation events in a variety of ways (5, 9) . This interaction can affect the rate of macroscopic dissociation of the original protein, for example, by having the second "invading" protein "block" rebinding of the first protein (5, 10, 11) . Alternatively, both the initially bound and invading proteins might bind at adjacent sites, with the second protein accelerating the off-rate of the first protein via allosteric interactions (12) . In either case, formation of a transient ternary complex (initially bound protein plus DNA site plus invading protein) may lead to appreciable increases in off-rates as the bulk protein concentration is increased. In the molecularly crowded cell interior, the rates of replacement of proteins on DNA may well be very different from what might be predicted from dilute-solution studies of binding kinetics, a fact that may help reconcile observations of rapid turnover on DNA in vivo but slower kinetics observed in vitro (13) (14) (15) (16) (17) .
An example of a protein with this property is the major bacterial nucleoid protein Fis, which has been observed to have an off-rate (k off ) dependent on bulk Fis concentration (c), increasing as k off ϭ k off,0 ϩ k exch c for bulk Fis concentrations below 50 nM (5) . The exchange rate constant (k exch ) was found to be 6 ϫ 10 4 M Ϫ1 s Ϫ1 , describing the increase of off-rate from the zero-concentration level (k off,0 ) of Ϸ1 ϫ 10 Ϫ3 s Ϫ1 to about four times that amount at a bulk Fis concentration of 50 nM (5) . Fis concentrations in vivo vary widely with growth conditions but are in the 10 to 50 M range during fast growth (18, 19) , suggesting an unbound Fis concentration of at least 100 nM, sufficient to strongly increase the Fis off-rate from its zero-concentration value. Furthermore, given the possibility for facilitated dissociation to be driven by other species of protein (e.g., by HU as observed in vitro [5] ), the off-rate of Fis or other DNA-binding proteins may be even more strongly perturbed in vivo.
We were curious as to whether facilitated dissociation is operative on chromosomes, given that they contain high densities of protein mixtures bound along DNA in heterogeneous complexes. One might imagine that protein-DNA complexes assembled in vivo might show little or no facilitated dissociation, or perhaps a qualitatively different level of facilitated dissociation, given the wildly differing concentrations and heterogeneous distributions of protein in the cell along the chromosome compared to conditions for in vitro experiments on protein-DNA interactions (5) . This study examined this question via experiments aimed at directly observing facilitated dissociation of DNA-binding proteins from bacterial chromosomes isolated from rapidly growing cells. In short, we isolated nucleoids from Escherichia coli cells modified to express a green fluorescent protein (GFP) fusion of Fis (14) . Osmotic shock (20, 21) was used to release the nucleoid, which avoids detergents that can destabilize proteins bound to DNA (22, 23) and which is optimal for maintaining in vivo nucleoid organization (20) . We monitored the dynamics of the GFP-Fis fluorescence as a function of time in the presence of varied concentrations of bulk nonfluorescent wild-type Fis (WT Fis) protein, the heterotypic nucleoid protein HU, and varied salt concentrations.
MATERIALS AND METHODS

Bacterial strain expressing GFP-Fis protein.
All experiments used E. coli strain FRAG1B (F Ϫ rha thi gal lacZ am P N25 /tetR P lacIq /lacI Sp r ), which contains a constitutively expressed chromosomal lacI gene and the wildtype chromosomal fis gene. FRAG1B cells were transformed with plasmid pZE12-GFP-fis carrying an isopropyl-␤-D-thiogalactopyranoside (IPTG)-inducible GFP-Fis gene fusion and ampicillin resistance (14) . The ectopically expressed GFP-Fis gene construct enables controlled constitutive amounts of fluorescently tagged Fis to be synthesized in addition to native Fis. In brief, enhanced GFP (eGFP) (F64L S65T) is inserted between amino acid residues 5 and 6 within the unstructured N-terminal peptide segment of Fis located on the opposite end of the polypeptide from the DNA-binding region.
DNA binding properties of GFP-Fis are very similar to those of WT Fis in vitro (5); furthermore, GFP-Fis has been observed to promote transcriptional activation (proP P2 promoter [24] ), Hin-catalyzed site-specific DNA inversion (25) , and phage lambda excision (26) in vivo. The behavior of GFP-Fis in the bacterial strain studied has been examined in some detail previously (14) . The fis gene is autoregulated, leading to a reduction in WT Fis production as GFP-Fis is produced, which keeps the total WT Fis plus GFP-Fis concentration nearly constant (see Fig. S1 of reference 14) . No impact of induction of GFP-Fis on cell growth rate was observed in that study (see Fig. S2 of reference 14) at the GFP-Fis induction levels used in this study.
Cells were grown in LB plus 50 g/ml of ampicillin from a single colony overnight at 30°C, diluted 1:1,000 into fresh medium, induced with 0.5 mM IPTG, and harvested at an optical density at 600 nm (OD 600 ) of 0.1 for nucleoid isolation and microscopy. Under these culture conditions, we have measured about 1,500 dimers per cell of GFP-Fis, which constituted about 7.5% of the total cellular Fis concentration for the strain studied here (see Fig. S1 of reference 14) . In a small number of DNA visualization experiments, 0.1 g/ml of 4=,6-diamidino-2-phenylindole (DAPI) was also added to the culture following dilution.
Nucleoid isolation by osmotic shock. Cells were diluted 1:4 in chilled LB (ϳ10 7 cells per ml) and then centrifuged for 5 min at 10,000 rpm. The cell pellet was resuspended in 500 l of sucrose buffer (0.58 M sucrose, 10 mM Na 2 HPO 4 /NaH 2 PO 4 buffer [pH 7.4] [NaPi], 10 mM EDTA, 100 mM NaCl) at 4°C. Five microliters of a freshly dissolved chicken egg white lysozyme solution (5 mg/ml) was then added, giving a final lysozyme concentration of 50 g/ml. After 5 min of incubation on ice, a drop (5 l) of cells in the lysis buffer was transferred onto a microscope coverslip (35x50-1) on which a 25-mm-diameter rubber O ring was affixed using wax. The prepared sample was then fixed on the microscope stage using Scotch tape and then covered with a microscope glass.
Next, a field of view with a few cells adhered to the glass surface was chosen for imaging. Following the protocol used by Wegner et al. (21) , cells were incubated with lysozyme for less than 10 min. Osmotic shock was applied within 5 min of transferring the cells onto the microscope slide by gently adding 500 l of hypotonic buffer (10 mM NaCl) into the well, resulting in a 100-fold dilution of the cells (21) . While some cells were spherical before hypotonic treatment, many rounded up only after addition of hypotonic buffer. Experiments using an alternate hypotonic buffer with adjusted pH (10 mM NaCl, 20 mM HEPES [pH 7.5] [27]) gave similar results. In a subset of experiments, we increased the final concentration of NaCl to 100 mM after a 5-min osmotic shock treatment by gently adding 500 l of 200 mM NaCl solution to the sample.
Protein exchange reactions. In protein exchange experiments, osmotic shock treatment in the hypotonic buffer was followed by addition of 500 l of protein dilution buffer (20 mM HEPES [pH 7.6], 0.1 mM EDTA, 5% glycerol, and 0.5 mg/ml of bovine serum albumin [BSA] , plus NaCl and Fis as required) to the well. Fis was added to the dilution buffer from a 1-mg/ml (ϳ40 m) stock and mixed by gently pipetting up and down a few times, immediately before addition of the buffer to the sample. Experiments using E. coli HU protein instead of Fis (see the supplemental material) were carried out in a similar manner. Fis and HU proteins were purified as described in reference 5.
We note that the hypotonic buffer contains 10 mM NaCl and that our Fis stocks (Ͼ0.5 to 1.0 mg/ml) were stored in high salt to prevent precipitation (20 mM HEPES [pH 7.5], 1 M NaCl, 50% glycerol, 1 mM dithiothreitol [DTT], 0.1 mM EDTA). We corrected for this by adjusting the NaCl concentration of the protein dilution buffer, depending on the degree of protein dilution in the experiment, so as to obtain either a 20 mM or 100 mM final NaCl concentration.
We note that in vivo, one finds mainly K ϩ at roughly 200 mM and glutamate at ϳ100 mM (28) , while in the present study, NaCl was used. However, on the basis of prior studies, we expect little difference in Fis-DNA binding interactions in buffers containing potassium glutamate or NaCl at these concentrations (29) . A small number of experiments were carried out with NaCl replaced by potassium glutamate (see the supplemental material) to test this hypothesis.
Microscopy and image analysis. Spheroplasts and isolated nucleoids were imaged using a high-resolution wide-field fluorescence microscope (Olympus model IX81 with a 100ϫ/1.45 numerical aperture [NA] objective, a 1.6ϫ magnifier lens, and an ImagEM electron-multiplied chargecoupled device camera [Hamamatsu]), with a resultant 100-nm pixel size. A mercury lamp (EXFO X-Cite 120) was used for fluorescence illumination; fluorescence images were acquired with a 0.5-s exposure time.
To avoid photobleaching, after applying osmotic shock, focusing was done by finding the glass surface using bright-field differential interference contrast (DIC) microscopy and then adjusting the objective to move the image plane 2 to 3 m above the glass. Fluorescence images were acquired and analyzed using Slidebook software (Olympus). Nucleoid diameter and fluorescence intensity measurements were done using ImageJ software (NIH). The nucleoid diameter was determined via measurement of the greater of the full widths at half-maximum in x and y axis line profiles, using an image with focal plane through the center of the nucleoid. Total intensity of the nucleoids (and the same area in the background) versus time was measured in a stack of (time-lapse) images. Fluorescence intensity versus time (total intensity after background subtraction) was then plotted and fitted to exponential decays using ImageJ.
We note that use of wide-field microscopy collects light from above and below the focal plane with rather similar efficiencies to collection in the focal plane, with the difference that light from out of the focal plane is not in focus. This is helpful for our measurements, since as long as the nucleoids are well separated from one another, and we integrate light intensity over a sufficiently large region, we are able to quantify fluorescence from the entire nucleoid. In test experiments, we found that the measured fluorescence intensity was insensitive to focal plane position over a 10-m focal plane change.
RESULTS
Isolation and visualization of nucleoids.
Cells were incubated in lysis buffer containing lysozyme and became osmotically sensitive spheroplasts (Fig. 1A ). Spheroplasts were then transferred into a 1-ml well on a microscope slide to which they adhered, allowing addition of buffer while particular cells were observed. Immersion of the spheroplasts in 10 mM NaCl hypotonic solution resulted in their rupturing and release of the nucleoid (Fig. 1B) . The GFP-Fis protein on the nucleoids permitted them to be observed before and after release from spheroplasts ( Fig. 1) . In most cases, nucleoids remained adhered to the glass microscope slide, most likely via connections by cell envelope remnants, and were not washed away by gentle removal and addition of buffer into the well.
Nucleoids displayed an abrupt expansion upon release, followed by a slow expansion to a stable size within about 5 min. There was some variation in shape and size of the nucleoids, but they typically underwent a 2-to 3-fold expansion in diameter into a globule structure with an equilibrium diameter of approximately 4 m (Fig. 1B) . Following this initial expansion, nucleoids were very stable and retained their size and shape for hours (in another study, nucleoids were reported to be stable for several days [30] ).
Although some substructures were observed as variations in the fluorescence intensity, liberated nucleoids were relatively homogeneous, with no apparent coiled structure resembling ones observed in vivo (14, 31) . Fluorescence images of the nucleoids before and after release showed a large drop in the fluorescence intensity (40 to 50%). We assume that there is some amount of GFP-Fis loss upon nucleoid extraction but a precise quantitative estimate of this is problematic, as we have found the GFP-Fis molecular brightness to depend on buffer conditions and is likely different in vivo from in our isolation buffer.
The isolated nucleoids in low-salt buffer (10 mM NaCl) were shifted back to buffer with univalent ion concentration (100 mM NaCl) comparable to that found in vivo, via addition of the protein dilution buffer. As shown in Fig. 1C , they swelled slightly (1.5-fold), but again, retained a stable diameter that was half of the random-walk estimate of relaxed size of the nucleoid DNA (ap- Upon the increase in salt concentration, fluorescent puncta appeared on the nearby glass surface (Fig. 1E and F) , which may have been a result of dissociation of some GFP-Fis from the chromosome during this transition and which possibly contributed to the small expansion. Alternately, these small puncta may be clusters of GFP-Fis still bound to the nucleoid adherent to the coverslip. More expanded nucleoids in high salt were generally observed to have multiple-lobed structures (Fig. 1C) that may reflect the replication or segregation state of the chromosome (21) .
We carried out a small number of experiments in which the DNA dye DAPI was added to the dilution buffer, which allowed us to simultaneously visualize GFP-Fis and the DNA content on the nucleoid. Figure 1G and H show a DAPI image of the same nucleoids as those in Fig. 1B and C visualized by GFP-Fis fluorescence, demonstrating that the GFP-Fis is present over the same diameter region as the DNA. Fis in solution facilitates dissociation of GFP-Fis from isolated nucleoids. In order to investigate facilitated dissociation of Fis for the whole chromosome, isolated nucleoids were exposed to 500 nM WT Fis. Subsequently, only two fluorescence images were acquired so as to minimize photobleaching: one immediately following addition of protein and another one 20 min later. It should be noted that there was a short interval, 30 to 60 s, between addition of protein and acquisition of the first image, which was consistent throughout the experiments.
Fluorescence images showed a large drop in fluorescence intensity over the 1,200-s interval ( Fig. 2A) , indicating the effect of WT Fis in solution on dissociation of GFP-Fis bound to the chromosome. To verify that the dissociation was not due to washing the protein by adding buffer, the same experiment was repeated with protein-free buffer, with which no reduction in fluorescence intensity was observed (Fig. 2B) . Repeating the experiment for a lower protein concentration of 50 nM and measuring the normalized total fluorescence intensity in all three cases (Fig. 2C) indicated that dissociation of GFP-Fis bound to the chromosome was affected by WT Fis in solution in a concentration-dependent manner. In similar experiments with the 100 NaCl replaced by 100 mM potassium glutamate (a salt physiochemically more similar to that found in vivo than NaCl), we observed the same facilitated dissociation effect, indicating that it was not specific to NaCl-containing buffer (see Fig. S1 in the supplemental material) .
We carried out a small number of experiments in which instead of WT Fis, E. coli HU protein was introduced (see Fig. S2 in the supplemental material). We observed that HU was able to accelerate GFP-Fis dissociation, albeit with a weaker concentration dependence than for WT Fis, in accord with behavior seen previously (5). Thus, heterotypic (structurally different) DNAbinding proteins can facilitate dissociation of protein-DNA complexes, as has been observed in single-DNA experiments (5) .
Dynamics of facilitated dissociation of GFP-Fis. To examine the dynamics of facilitated dissociation of GFP-Fis, after introduction of WT Fis in 100 mM NaCl buffer isolated onto nucleoids, fluorescence images were acquired at 30-s intervals for 20 min. These images were analyzed by measuring the total fluorescence intensity of the GFP-Fis-labeled nucleoids at each time point. A series of experiments were carried out for a range of WT Fis concentrations (0 to 400 nM). The raw fluorescence intensity profiles over the 20-min time course showed faster dissociation with increasing protein concentration ( Fig. 3A ; n ϭ 5, 4, 2, 3, and 4 for 0, 50, 100, 200, and 400 nM, respectively); all data are normalized to the fluorescence level at the zero time point.
Having established that when WT Fis was not introduced into the sample, the level of GFP-Fis bound to chromosome stayed almost constant during the time course of our experiment (Fig.  2C) , we concluded that the observed decrease in fluorescence intensity for the 0 nM WT Fis time course (Fig. 3A) was due to Fluorescence reduction at 0 nM was due to bleaching, from which the bleaching rate was obtained via an exponential fit to the 0 nM data (solid black line through 0 nM data points). (B) Same intensity profiles, corrected for bleaching. Curves were fit to exponential decay with offset to obtain exchange rates (n ϭ 5, 4, 2, 3, and 4 for 0, 50, 100, 200, and 400 nM, respectively).
photobleaching. Fitting the 0 nM data by a monoexponential decay, I͑t͒ ϭ I͑0͒exp͑Ϫt͒ (Fig. 3A, solid curve) , gave the rate of bleaching in terms of a decay constant () of (9.4 Ϯ 1.4) ϫ 10 Ϫ4 s Ϫ1 . This was used to correct for photobleaching via the equation I c͑ t͒ ϭ I͑t͒ ⁄ exp͑Ϫt͒ where I(t) is the measured intensity and I c (t) is the bleachingcorrected intensity at time t. The corrected curves showed decaying intensity profiles, with a gradual reduction of the final fluorescence level (Fig. 3B) . Intensity profiles were well fit by a monoexponential decay with offset, from which dissociation rates were obtained.
The average rate for each concentration was obtained from the average of fits to data sets from multiple experiments. Plotting the average rates as a function of protein concentration showed a nearly linear behavior for concentrations up to 200 nM and then saturation to a nearly constant rate at higher protein concentrations. The slope of the linear regime can be interpreted as an exchange reaction rate constant (k exch ) (26) Decreased salt concentration reduces the rate of facilitated dissociation. A possible physical origin of the exchange reactions observed by Graham et al. has been proposed to be "microdissociation" events, whereby a protein loses some or all of its interactions with its binding site but remains near the DNA due to partial binding (11) or perhaps to longer-ranged electrostatic interactions (10, 32) . In the absence of solution-phase protein, it is likely that the partially dissociated protein rebinds to the DNA. However, if a protein molecule is nearby the transiently opened binding site, it might replace the original protein. Recent theoretical work has explained this exchange reaction by taking into account the dimeric structure of Fis, which may allow partial dissociation of one side of a Fis dimer from a binding site, where a second protein from solution could bind (11) .
The rate of these partial dissociations is related to the energy associated with DNA-protein contacts as well as long-range electrostatic interactions, which tend to become weaker with increased salt concentration. Therefore, one might expect to see the exchange reaction rate become slower with decreased salt concentration.
In order to examine the effect of salt on the exchange reaction, time course measurements were carried out at a lower salt concentration, 20 mM NaCl. Accelerated dissociation with increasing WT Fis concentration was again observed, but only for protein concentrations above 200 nM (Fig. 5A) ; for concentrations lower than 200 nM, essentially no dissociation was observed. To obtain the dissociation rates, curves were corrected for photobleaching (Fig. 5B) in the same manner as in the 100 mM NaCl case (we note that the photobleaching in the 20 mM NaCl was significantly less than that measured for 100 mM NaCl; in general, we noticed higher brightness and photostability of GFP at lower salt).
In the 20 mM NaCl case, we found that the photobleachingcorrected curves were well fit by a monoexponential decay with offset, from which dissociation rates were obtained. Plotting the off-rates as a function of concentration averaged over 10 experiments showed zero off-rate at low concentrations, followed by a linear relationship (Fig. 5C ) from which an exchange rate constant (k exch ) of (1.2 Ϯ 0.3) ϫ 10 4 M Ϫ1 s Ϫ1 was obtained. Comparing this rate constant with the one measured at a higher salt concentration (100 mM NaCl) indicates that the rate of reaction is roughly proportional to the salt concentration.
DISCUSSION
Facilitated dissociation in vitro, ex vivo, and in vivo.
The experiments in this study revealed that GFP-Fis remained stably bound to the chromosome in protein-free solution for long times, yet strikingly fast dissociation was triggered by the presence of Fis in solution. This facilitated dissociation effect had been observed previously in vitro on extended -DNA molecules (10, 32) . The experiments in this study establish that a similar effect with remarkably similar kinetic rate (k exch Ϸ 10 4 M Ϫ1 s Ϫ1 for 100 mM NaCl) occurs for folded chromosomes isolated from E. coli cells.
A major question is whether similar facilitated dissociation occurs in vivo. Our results suggest that in the molecularly crowded cell interior, the rates of replacement of proteins on DNA could well be orders of magnitude faster than what might be predicted from dilute-solution studies of binding kinetics. This may reconcile observations of surprisingly rapid turnover of proteins bound to DNA in vivo (13) (14) (15) 17) or other apparent inconsistencies between in vivo and in vitro dissociation rates (16) . In the case of Fis, fluorescence recovery after photobleaching (FRAP) experiments with live E. coli cells indicate that GFP-Fis bound to the nucleoid has a binding lifetime of approximately 40 s (14) , far shorter than the lifetime observed in this study for a nucleoid isolated to protein-free solution (Fig. 3, 0 nM data) . In vivo, there is a high concentration of DNA-binding protein, and in particular the total concentration of Fis in a rapidly growing E. coli cell is roughly 30 to 50 M (14, 18, 19) , suggesting that the free Fis concentration should be at least as high as in the range of a few hundred nanomoles per liter. Notably, for GFP-Fis in the presence of WT Fis in solution, a 40-s binding lifetime is obtained for about 400 nM WT Fis (Fig. 4) , roughly consistent with the unbound Fis concentration one would expect inside the cell. Of course, other free DNAbinding proteins may contribute to the net off-rate in vivo (e.g., HU; see the supplemental material, particularly Fig. S2) ; precisely quantifying this is a subject for future work. Single-molecule experiments have shown that protein-facilitated dissociation of bound proteins from DNA is not limited to homotypic interactions (5), with HU and even eukaryotic chromatin high-mobility group B (HMGB) proteins observed to accelerate dissociation of Fis bound to DNA. Our observation that HU can accelerate dissociation of Fis from isolated nucleoids (see the supplemental material, particularly Fig. S2 ) suggests that the off-rate of Fis (and potentially other nucleoid proteins) might be accelerated in vivo beyond the level due to Fis-Fis exchange alone. The abundant nucleoid proteins, whose cellular levels vary with growth conditions (19) , may therefore strongly influence dynamics of protein-DNA interactions on chromosomes, including protein-DNA search rates (1, 33, 34) . Shifts in nucleoid protein concentration could provide a general mechanism to trigger rapid rearrangement of transcription factors and therefore reprogramming of transcriptional regulation. For example, during a nutrient upshift, cellular Fis levels can increase from being a minor constituent to the most abundant DNA binding protein in an E. coli cell in less than a cell cycle (18, 35) . The rapid rise in Fis dimers may lead to global restructuring of the chromosome landscape through facilitated dissociation of existing proteins, in addition to effects mediated by direct binding to available sites by the nascent proteins.
We note that in accord with this general picture, the E. coli CueR transcription factor has recently been reported to exhibit binding lifetime changes in vivo in response to growth rate and its own cellular concentration (36) . Quantitative understanding of the DNA binding dynamics of specific transcription factors like CueR will also likely require consideration of the free fraction of the abundant nucleoid proteins, such as Fis and HU.
Molecular mechanism of Fis-facilitated dissociation of Fis from the nucleoid. The initial, nearly linear concentration dependence of Fis-facilitated dissociation of Fis (Fig. 4) is indicative of formation of a ternary complex between the initially bound Fis dimer and its DNA binding site and an additional "invading" Fis dimer from solution (hence the bulk concentration dependence). The precise molecular mechanisms are not immediately obvious from these data, but as mentioned in the introduction, at least two scenarios can be envisioned. First, "microdissociation" or partial dissociation of the bound dimer may occur, with interference or blocking of reassociation by the invading protein, as discussed previously (5, 11) . An alternative scenario is formation of a ternary complex with both Fis dimers completely bound to nearby DNA locations, but with one protein destabilizing the other, for example, via allosteric interaction through the DNA itself (12) . Roughly speaking, these two scenarios differ in that the first involves partial dissociation of the initially bound Fis preceding the arrival of the invader dimer, while the second does not.
It is conceivable that a fluorescence resonance energy transfer (FRET)-based single-molecule fluorescence experiment might be able to directly probe the series of binding and unbinding events that occur with sufficient temporal (millisecond to second range) and spatial (a few nanometers) resolution to directly test which of these classes of molecular mechanism are more likely. However, a possible hint about the nature of the underlying mechanism is provided by the data in Fig. 4 . The initial slope of k exch , (5.7 Ϯ 1.1) ϫ 10 4 M Ϫ1 s Ϫ1 , is much less than the roughly 10 9 M Ϫ1 s Ϫ1 expected for a diffusion-limited initial binding reaction (1) . This indicates that the effect of the invader-i.e., its initial interaction with the prebound Fis-DNA complex-is rate limited not by diffusive search but rather by some other preceding reaction step, the activation of which has associated with it a probability of ϳ10 Ϫ4 (corresponding to an activation barrier of ϳ12 k B T, where k B T ϭ 4.1 ϫ 10 Ϫ21 J is the thermal energy per molecule at ambient temperature~300 K) (5). This is very naturally explained in terms of a partial dissociation or other molecular reorganization that makes the Fis-DNA complex susceptible to invasion by the solution Fis dimer (5, 10, 11) and is much less easily understood in terms of diffusion-limited binding of the second dimer followed by (presumably rapid [12] ) allosteric interaction.
A second hint of mechanism in Fig. 4 is provided by the final, high-concentration data point (400 nM), which suggests a highconcentration saturation of the off-rate at ϳ10 Ϫ2 s Ϫ1 . This is indicative of the time scale associated with a rate-limiting activation step for the facilitated dissociation process, with a "waiting" time of ϳ100 s. This is also more compatible with a slow activation/ binding/dissociation pathway than with diffusion-limited-binding/allosteric interaction/dissociation pathway. Of course, it may be that the ternary complex has an ϳ100-s lifetime preceding protein dissociation; this should be observable in a two-color single-molecule visualization experiment. While definitive data deciding which of these mechanisms (or perhaps some other mechanism) actually occurs may require millisecond/nanometer single-molecule molecular dynamics monitoring experiments, at present we favor models whereby an activation step of the Fis-DNA complex precedes interaction with the second invading protein (5, 10, 11) .
Effect of salt concentration on facilitated dissociation from the nucleoid. The effect of the salt concentration on the exchange reaction rate is reasonable, given that protein-nucleic acid interactions are highly salt dependent, with binding affinity of a protein to DNA typically decreasing quickly with increasing salt concentration. This can be explained by entropy gain associated with counterion release upon binding of a protein to DNA. The high electrostatic potential from the negatively charged DNA results in localization of counterions near the phosphates; similarly positively charged residues on a DNA-binding protein carry negative counterions near them. Binding of a protein to DNA allows release of some of the counterions into bulk solution (37) . For low salt concentrations, this release is associated with a relatively large entropy increase, which reduces the free energy of the DNA-protein complex (38) . For higher salt concentrations, there is less entropy gain upon binding and a reduction in affinity of the protein for DNA.
The dependence of a protein-DNA interaction free energy on salt concentration (S) can be estimated by ⌬F ϭ F 0 Ϫ k B Tn ln͓S ⁄ S 0 ͔ where F 0 is the free energy at a reference salt concentration (S 0 ) and n is a constant which can be interpreted as the number of released counterions (37) . The rate at which microdissociations occur is related to the energy associated with breaking DNA-protein contacts to form a state amenable to "invasion" by a second protein. For an Arrhennius-Kramers picture of thermally activated microdissociation, we write k off,micro ϳexp ͩ Ϫ ⌬F k B T ͪ (32) ; substituting for ⌬F gives k off,micro (S) ϭ k off,micro (S 0 ) S n , or a rate of partial dissociation that is proportional to a power of salt concentration. Finally, we suppose that the exchange rate constant is proportional to the rate at which the microdissociation occurs, giving k exch (S) ϭ k exch (S 0 ) (S/S 0 )
n . This crude argument suggests that the salt dependence of the exchange rate constant (a 5-fold increase with a 5-fold increase in [NaCl] from 20 to 100 mM) corresponds to n of Ϸ1; i.e., that about one counterion is released to form the intermediate state. This rather small number of counterions released suggests that the intermediate state that leads to the facilitated dissociation of GFP-Fis from the nucleoid is only partially dissociated. Further experiments studying the effects of salt concentration in biochemical experiments are needed to analyze this in more detail.
